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Abstrnct  -- A novel means of achieving cophasal far-field radiation has been demonstrated
for a circularly polarized microstrip reflectarray with elements having variable rotation
angles. Two Ka-band,  half-meter microstrip  reflectarrays have been fabricated and tested.
IIoth are believed to be the electrically largest printed reflectarrays ever developecl, One, a
conventional design, has identical square patches with variable-length microstl-ip  phase
delay lines attached. I’he other has identical square patches with icientical  microstrip  phase
delay lines but different element rotation angles. Both antennas demonstrated excellent
performance with more-than-55% aperture efllciencies; but the one with variable rotation
an:lcs resu]ted in better overal] performance, A brief mathematical analysis is presented
to validate this “rotational element” approach. With this approach, a means of scanning
the main beam of the reflectarray over a wide angular region without any RF beamformer
by using miniature or micro-machined motors is viable.

1. INTRODIJC’I’ION

‘1’he most often used conventional high-gain antennas are parabolic reflectors.
Although they are cff;cient radiators, clue to their curved reflecting surface, they are
generally bulky in size and large in mass. In addition, the main beam of a parabolic
reflector can be desi~ned  to tilt or scan only a few beamwidths  away from its broadside
direction, As a remedy, a flat or slightly curved reflector, namely the printed reflectarray,
has recently been studied by many researchers. Its reflecting surface can be confor.mally
mounted onto existing supporting st[-ucture  with relatively small incremental mass and
volume. With a proper phase ciesi~n  or phase chan~in~  clevice  incorporated into each
element of the reflectarray, the main beam can be tilted or scanned to large an~les, e.g. 50
degrees, from the aperture broadside direction.



A printed reflectarray antenna consists of two basic elements: an illuminating feed
and a thin reflecting surface that can be either flat or slightly curved. On the reflecting
surface, there are many printed elements with no power division network, l’he feed
antenna illuminates these elements which are designed to re-radiate  the incident field with
phases that are required to form a planar phase front. The name “reflectarray”  represents
an old technology [1], IIowever, the low-profile printed reflectarray  is a fairly new
concept [2,3,4,5,6], which combines some of the best features of the printed array
technology and the traditional parabolic reflector antenna. It provides the low profile and
beam scanning [7] capabilities of a printed array and the large aperture with low insertion
loss characteristic of a parabolic reflector. There are many forms of printed reflectarray,
such as the ones that use identical microstrip  patch elements with different-length phase
delay lines attached [2,3,7], the ones that use variable-size printed dipoles [5], those use
variable-size rnicrostrip patches [6], and those me variable-size circular rin~s [8,9]. l’his
ar[icle presents a new approach for a circularly polarized reflectarray to achieve a far-field
beam by using identical rnicrostrip patches having diflkrent angular rotations [1 O]. ‘lo
illustrate the concept, a few elements of the reflcctarray  are shown in Fig. 1,

It is known that, if a circularly polarized antenna element is rotated from its
ori~inal  position by [~~ degrees, the phase of the element will be either advanced or delayed
((iepcnding  on the rotation direction) by the same ~1 degrees, lIence, the technique of
rotating circularly polarized elements to achieve the requirecl  phases for a conventional
array to scan its beam has been previously demonstrated [ 1 1], ~’his technique was also
demonstrated for a spiraphase reflectarray [12] where discrete and lar-~e  spiral elements
with limited switchable  positions were used to scan the beam, IIere, small and low-profile
printed rnicrostrip elements are used in a reflectarray with continuously-variable angular
rotations to achieve far-field phase coherence. When a miniature or micro-machined
motor is placed under each microstrip  element, this microstrip reflectarray  can be
controlled to scan its main beam to difl’erent  and wide angular directions.

1’WO Ka-band,  half-meter diameter, circularly polarized rnicrostrip reflectarrays
have been developed. One has identical square patches with variable-length phase delay
lines, ‘l’he other uses identical patch elements with variable element rotation angles.
Although both antennas demonstrated excellent efficiencies, adequate bandwidths, and
low average sidelobe  and cross-pol  levels, tile one with variable rotation angles achieved
superior overall performance. It is believed that these are electrically the largest
microstrip  reflectarrays  (6924 elements with 42 d]] of gain) ever developed Jt is also the
first time that circular polarization has been actually demonstrated using microstrip  patch
elements, Recently, an X-band 0,75 m diameter microstrip reflectarray  [13] using
variable-length phase delay lines was developed. It demonstrated 1-elativcly  hicj~ efllciency
of 700/0 with peak gain of35  dkl, Although  it has dual-linear and dual-circular polarization
capabilities, only linear polarization was demonstrated, A 27 G}Iz micl-ostrip  reflectarray
using variable-size patches was recently repolted  [14], It has a diarnetcr  of 0,23 m and
achieved a gain of 31 d}] with an e~ciency of 3 10/o. Although dual-linear  and dual-
circular polarizations can also be achieved by this form of I-eflectarray,  only a linear
polarization result was reported. one of the reasons that this 27 GI Iz, reflectarray  resulted



in a relatively low efficiency is because its efilciency is more susceptible to the fabrication
tolerance of the patch dimensions at the high millimeter wave frequency, since the desired
phase delays are achieved by varying these patch dimensions, “l’he second reason for its
lower efficiency is that phase is achieved at the sacrifice of amplitude. Only one correct
dimension will resonate at a particular frequency and, by varying the patch sizes, the
amplitudes of many patch elements are sacrificed.

11. ANA1,YSIS

The analysis carried out here uses conventional array theory without considering
Inlltllai coupling  and fll]]-WErVe Scattering; efleCtS. It would not be economical,
computation wise, to employ a fllll-wave technique for thousands of patch elements.
Althou9h  all the patches are identical with identical phase delay lines, their angular
rotations are different, These different rotations do not have repeated pattern in any
orthogonal directions ofa rectangular coordinate system; thus the infinite array theory can
not be efl’ectively  applied here. Fortunately, mutual coupling eflect has proven to be
negligible in a microstrip  array where substrate thickness, dielectric constant, and beam
scan angle are not excessively lal-ge. Consequently, the analysis here is performed only to
determine the required phases for all the elements to achieve a far-field cophasal  beam.
No
the
pol
the

attempt is made here to accurately calculate the far-freld  radiation pattern, especially
sidelobe  and cross-pol  radiations. As will be seen later, the actual sidelobe  and cross-
radiations are stronsly afl-ected  by the rotation of the elements due to the scattel-ings of
elen]ent structures.

P’rom conventional arlay theol-y,  when a two-dimensional planar array with M x N
patch elements is nonuniformly illuminated  by a low-gain feed at r~ , as shown in Fi~, 2,
the reradiated fielci from the patches in an arbitrary direction, ZI, will be ofthc form

A{ N

I [1
I;(J) = ~~l’(~n,,, . F,. )A(rn,,, ~ fio)A(fi. rlo ) exp - jko Fn,,,

1}
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(1)

where F is the feecl  pattern fL]nction, A is the, pattern f~lnction  of the patch element, r~,,, is
the position vector of the mnth patch, fiO is the desired main beam pointing c]ircction,  and

~nm is tl~e  required  phase delay of the mnth element, 3’he condition for the aperture
distribution to be cophasal  in the clesired  direction fiO is

a [1 1“i,,  - ‘O ‘.,,, - ‘J + ~~,,, “ G T 2}\~,o
?1= 0,1, 2,.. (2)

l;or a circular aperture as shown in li~. 2, which is more desirable for better aperture
eticiency (less spillover  10SS) than a rectangular aper-ture, the summation signs in l[q, (1)
can be truncated (no calculation) for patches located outsicle the circular aperture. I,q.(2)
gives the phase delays of all the elements for a r-eflectar-ray to achieve a far-field co-phasal



beam. l’he following analysis presents the amount of angular rotation needed by a
circularly polarized (C. P,) element to achieve the phase delay required by F,q, (2).

Consider the case as shown in Fig. 3(a) where the two transmission phase delay
lines connected to the square patch are of unequal lengths, /, and /Y, but where the lengths

are uniform across the reflectarray aperture. For now, let’s consider that the two lines are
short-circuit terminated and let the reflectarray be illuminated by a left C.P, and normally
incident plane wave propagating in the negative 7, direction. l’his incident wave may be
expressed as

l?’”’ =- (fix -t jiiy)oe-’’’e-’ti (3)

The reflected wave may be written in the form,

where the minus signs arise from the reflection coefllcients of -1 at the shot-t-circuit
terminations, “a” is the amplitude and attenuation is assumed to be zero in the patch and
the lines. Note that, when /., = /j. ,the incident left C,P, plane wave is converled  upon
reflection into a right C.P, plane wave in the usual manner by virtue of the reversal of the
direction of propa~ation.  Now, let one delay line be longer than the other by 90-deg;  for
example, k/r = zO and k[,, = O. 3’hen the 1-ellected  wave will be

which is a left C,P, wave just as was the incident wave

Now let the element be rotated by angle  yl, shown in Fig. 3(b), so as to align with
the axes of a new coordinate system (.Y’, y ‘). ‘l’he excitation of each of the two ort}~ogonal
component fields in each patch can be deter-mined by projecting the fir and fiY fielci

components onto the fir, and fiY, axes at XL O. I’hat is

‘l’he reflected wave now becomes

(6)

(7)



where, again, the minus sign arises from the reflections at the transmission line short
circuit terminations. Finally, re-expr-essing  the reflected field in terms of the original x and
y components yields,

which, via some algebraic manipulation, can be written in the form,

(9)

Note that this reflected wave has both left and right circularly polarized components and
that the right circularly polarized component is independent of the rotation an~le of the
elements. If we now select transmission line Ien{gths  differing by a quarter wavelength; for
example, k).,. = 7z/2 and k/y= 0, then the right circularly polarized component of the reflected
wave is eliminated and the remaining left circularly polarized component becomes,

( lo )

l’bus, the reflected wave has been delayed in phase (path Ienghened) by 2 V1 radians due to
element rotation by angle rfl, Ily earl-y  out the same derivation, one will note that a ri~ht
C,P. incident wave would be phase advanced upon reflection, If the transmission lines had
been terminated in open circuits instead of short circuits, the reflected wave would  be
opposite in si~n, but not opposite in sense, from that of I;.q, 10, 3’o summarize, 1~.q,  10
implies that the neecled phase delay of 2 r+/ degecs from a C.P. patch element shown in Fig,
S V#oLl]d req~lire a counter-clockwise angular rotation of yl degrees by the e]elllent.

111. AN”J’I?NNA l) II:SIGN ANI) lll:\TIC1.  O})NlltNl’

2’WO Ka-band,  circularly pola[-iz.ec] mic[ostrip  reflectarrays have been designed,
fabricated, and tested at JPI,. l;ach OTIC has a diameter of a }lalf  meter and 6,924 square
patch elements. (lne, designed with the conventional approach, has identical patches but
with variable-length phase delay lines, ‘1’he other one, shown in a photograph in Fig, 4,
also uses identical patches but with variable patch rotation angles. Iloth antennas have
patch elements etched on I) LlrOid substrates with 0.254 mm thickness and 2,2 relative
dielectric constant. With this substrate thickness and clielectric  constant, the predicted
patch bandwidth is about 4 pel-cent, Both antennas were designed for broadside radiation
with the same f/Ii ratio of 0.75, “f”, beins  37.2 cm Ion:, is the focal len~th and is the
distance between the phase center of the feed horn and the radiating plane of the patch
elements. “1)” is the diameter of the radiating aperture and is equal to 50 cm, };ach patch
clement has a square dimension of 2.946 mm and was desi~ned ancl tested to resonate at
32.0 Gllz, The element spacing is 0.58 free-space-wavelength wl]ich was determined to
avoid glatin~  lobes. “l’his clement spacins  was also cletermined  to allow appropriate real



estate for the rotation of the elements so that no two neighboring elements will physically
interfere each other. The widths of all the rnicrostrip phase delay lines are identical and is
0.075 mm which was designed to have an impedance of 150 ohms. The input impedance
of the square patch was measured to be 230 ohms. Although it is not critical, the line
impedance should be as close to the input impedance of the patch as possible so that
mismatch and multiple reflections within the line are minimized. To have a line impedance
equal to 230 ohms would yield an extremely thin line width at the Ka-band frequency,
which would present serious reliability and fabrication issues, Too thin a line could be
easily scratched or delaminated. In addition, due to etching tolerance, it would be more
difilcult to maintain uniformity of line width across the large aperture if the lines were too
thin. Consequently, a compromising 150-ohm line was selected. l’he etching tolerance
achieved across the entire aperture for both patch and phase delay line is iO.008 mm. A
great deal of effort was spent in assuring the achievement of this tolerance,

‘1’o assure good antenna efl’lciency  and no surprisingly high sidelobes,  the radiating
aperture of the reflectarray should maintain a flatness of at least l/30th of a wavelength,
which is 0,3 mm. In order to achieve this flatness across the half-meter aperture, the thin
l)uroid substrate is supported by a 1.9-cm thick aluminum honeycomb panel. To each
side of the panel is bonded a 0,5-mm thick graphite epoxy face sheet, ~’he etched copper-
clad Duroid substrate is then bonded onto one face sheet. l’hc feed horn, which is a
circularly polarized corru:ateci  conical horn, is precision fastened above the honeycomb
panel by four 1 -cm-diameter aluminum rods, q’his feed horn was desigled to illuminate
the reflcctarray  aperture with a -9 d}] edge taper. l’he -3 d13 and -9 d13 beamwidths  of the
fee(i horn are 41 -de: and 69-deg,  respectively. l’he purpose of the feed horn’s
corrugation is to reduce sideiobes for lower spiiiover loss and to minimize cross-poi  ieveis
fc)r better polarization efllciency, l’his well designed feed horn is one of the primary
reasons that the reflectarray achieved good overall antenna eff~ciency.

IV, NIII:ASU1<ENIICN”J”  RESU1.”1’S

For the sake of convenience, from here on, the reflectarray with patches having
variable-length phase delay lines is nameci “unit 1”, and the one with patches having
variable rotation an~ies is named “unit 2“. 3’he radiation pattern of unit 1, measured at
32,0 GIIz, is given in Fig. 5, which shows a peak sidclobe Ievei of -22 dB and aii other
sideiobes,  except the first two, are weii bciow -30 dll ievei, ‘l’his  indicates that the
undesirable backscattereci  fields  (from patches, phase deiay iines, groun(i piane eciges, etc. )
are insignificant compared to the desirable reradiated fieid.  ‘l’his, in turn, inciicates  that the
patches are weli matched in impeciance  to the phase deiay iines and the fabi-ication
accuracy is weli controlled. ‘l’he two high sidclobes a(ljacent to the main beam are
believed tc) be caused by the feed strLlctL]re  blockage, All the cross-poi  raciiations in Fig.
5, except within the main beam region, are well below -40 d~l lcwci. I“he relatively high
cross-pol  of -22 d13 in the main beam region is caL]sed by the co-phasal  behavior of the
cross-poi  components of the patches anti the cl-oss-poi of the feed horn In other words,
the cross-pol  fieids,  similar to the co-poi fieids, are all coherently directe(i to the same



direction by the same set of phase delay lines, This phenomenon can be verified by the
results of unit 2 whose measured pattern is presented in Fig. 6, This unit 2 also shows a
peak sidelobe of -22 d13 which is expected due to the same feed structure blockage. All
the other sidelobes,  except the first few, are well below -40 d}l and are significantly lower
than those of unit 1. The cross-pol  radiation of unit 2, except one cross-pol  lobe at -28
dB, are all below -30 dB. It seems that the single high cross-pol  lobe in the main beam of
unit 1 has now disappeared in unit 2 and is distributed over a wide angular region at lower
levels outside the main beam region, One major reason that Llnit 2 achieves lower sidclobe
and cross-pol levels than those of unit 1 is the diflLlse,  instead of the cophasal,  scattering
by the near randomly rotated patches. Although the rotations of all patches have
electrically a unique pattern for the co-pol  field, they appear physically to be randomly
rotated to the structurally scattered fields and the cross-pol field,

At 32.0 GIIz, the measLlred -3 d]] beamwidth  of unit 1 is 1. 18-deg  and the
measured gain is 41.75 dll which corresponds to an overall antenna efllciency  of 53
pe.rccnt. For this unit, the patterns and antenna ~ains were measured over the frequency
range between 31.0 GIIz and 33,0 GIIz, Across this frequency ranse, all the patterns,
except toward the high end where significant pattern dey-adation  star~s to occur, exhibit
features similar to those shown in Fi~. 5. At 31,5 Ghz, unit 1 achieved its }Iighest  ~ain of
42,7S dl] which translates to an efl~ciency  of 69 percent. ‘l’he measured antenna gain and
eflciency versLls freqLlency cLlrves for Llnit  1 a[e presented in I~i~g. 7 where an oscillatory
response is observed for each cLlrve, It is believed that, in addition to the resonance of the
patches, some of the phase delay lines also become resonant at a particLllar freqLlency since
they have len~th dimensions close to those of the patches, This is illL1strated  in a close-Llp
view of the reflectarray  elements in lpi:.  8, l’he resonances of these lines add in-and-oLlt  of
phase with the resonance of the patches over the above frequency ran~e  and may thus
cause the oscillatory behavior. One way to avoid this oscillatory behavior is to place the
phase delay lines behind the groLlnd plane in an additional sLlbstrate layer. Another way,
to be detailed later, is to use the rotational techniqLle  adopted in unit 2, h’i2Llre  7 exhibits a
~ 1 d}] ~ain (around a nominal ~ain of 41,75 cIII) bandwidth of 1,0 CTIIZ which is aboLlt  3
percent and a -3 dB gain (from the peak gain of 42.75 cl}]) bandwidth of 1,8 Gllz  which is
aboLlt 5.6 percent.

Unit 2 has a -3 d13 beamwidth of 1.2-dcg at the desi~neci  center frequency of 32.0
G] IZ where the measured ~ain is 41,7 dll for an eflciency of 52 percent. “l’his Llnit, similar
to unit 1, seems to operate better at sli~htly lower than the desigl freqL1ency. Over the
frequency range of 31.0 GIIz, to 33,0 GIIz,, unit 2 shows a peak gain of 42,2 dll at 31,7
G}lz..  “l’his gain cot-responds to an antenna effICicHICy  of 60 percent which, as a large array
of several th@Llsand  elements at the Ka-band  frequency, is considered quite good.  ‘l’he
banciwi(ith  behavior of this Llnit is presented in Fig. 9 where a -1 d}) ~ain bandwidth of 1,1
Gllz  (3.5 percent) and a -3 clII gain bandwidth of 1.7 GIIz. (5.4 percent) are
demonstrated, };xccpt for the oscillatory behavior of unit 1, the bandwidths of both units
are very similar and are qLlite  adequate for most teleconlmLlnicat  ion applications at Ka-
band. Wider banc!width  [1 O] can be achieved by re-designing  the patch elements, Llsing
lar8er f/1) ratio, or employing time delay, insteacl  of phase clelay,  lines, One major



difference between the curves of Fig, 7 and Fig, 9 is that the oscillatory behavior of the
curves for unit 1 has diminished in the cLlrves  for unit 2, “l’his is because not only do all
the patches of unit 2 have identical phase delay lines but also they appear to be randomly
rotated. As a result, it is not likely that the phase delay lines of unit 2 could resonate with
the patches in-and-out of phase many times across a frequency band. To sLlmnlarize, the
unit 2 antenna has achieved overall better performance than that of unit 1, By using
rotational elements, the unit 2 microstrip reflectarray has demonstrated lower sidelobes,
lower cross-pol  radiation, and better bandwidth behavior.

\70 (“)NC’,  ~JS]ON

A Ka-band,  high gain, circularly polarized microstrip rcflcctarray antenna has
demonstrated superior performance with variably rotated elements, Its sidelobes are
mostly below the -40 ci13 level  and most of its c[oss-pol radiation is below the -30 dB
level, A peak efficiency of 60 percent has been achieved. Dy utilizing the rotational
technique pr-esentecl  here, a novel beam scanning method is proposed. IIy incorporating a
nliniatL1re  or micro-machined motor underneath each element and, thereby, actively
rotating all the elements, a circularly polarized microstrip  reflect array can have its main
beam scanned to wide angles, With this scanninS method, no insertion loss will be added
to the system, such as that of the phase shifler loss in a conventional phased ari-ay,
(onseqL1tmtly,  t}le expensive 7’/R [llOdLlleS  that are generally needed in a conventional
phased array system are not required here, ‘1’bus, a relatively lower cost and more efl;cient
beam scannin~  array antenna maybe realized,
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Circularly polarized reflectarray  patch element; (a) reference element with
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}iSure  4. Photograph of the half meter Ka-band microstrip reflectarl-y  with elements
having variable rotation an$les.
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Figure 7. Measured bandwidth characteristics of unit 1 reflectarray with
patches having  variable-]  ength  phase delay lines,



Figure 8. Close-up view of unit 1 reflectarray showing some elements with
phase delay lines havin~  similar linear dimensions as the patch,
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Figure  9, Measured bandwidth characteristics of unit 2 reflectarray with
patches havins  variable rotation angles,


